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Effects of food web construction by evolution or immigration
Craig R. Powell∗ and Alan J. McKane†
Theoretical Physics Group, School of Physics and Astronomy,
University of Manchester, Manchester, M13 9PL, UK
We present results contrasting food webs constructed using the same model where the source of
species was either evolution or immigration from a previously evolved species pool. The overall
structure of the webs are remarkably similar, although we find some important differences which
mainly relate to the percentage of basal and top species. Food webs assembled from evolved webs
also show distinct plateaux in the number of tropic levels as the resources available to system
increase, in contrast to evolved webs. By equating the resources available to basal species to area,
we are able to examine the species-area curve created by each process separately. They are found
to correspond to different regimes of the tri-phasic species-area curve.
PACS numbers: 87.23.Cc
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I. INTRODUCTION
Models of food web structure fall into several distinct
classes. Early models tended to be either static, where
links were assigned between species according to some
rule, or dynamic, but where the dynamics consisted of
population dynamics on a random network. Examples
of the former are the cascade [1, 2] and niche [3] mod-
els, and of the latter the work of [4, 5]. More recent
approaches have incorporated longer time scales, allow-
ing for the introduction of new species through immigra-
tion or speciation and for species extinction. This allows
the web structure to build up over time; the structure
of the web emerges rather than being put in by hand.
The two ways of doing this have been through assembly
models, which introduce new species into the community
from a species pool [6], and evolutionary models, which
introduce new species through modification of existing
species – speciation [7]. The purpose of this paper is to
unify these two approaches by constructing a species pool
through an evolutionary dynamics and then using this to
assemble communities.
Assembly and evolutionary models both have two, sep-
arated, time-scales. On the ecological time-scale the pop-
ulation sizes of the species in the community change ac-
cording to the equations of the population dynamics un-
til they eventually reach a fixed point or some other at-
tractor. On a longer time-scale species are introduced
through immigration (assembly models) or by speciation
(evolutionary models). The new species then competes
with the existing species following the equations of the
population dynamics until the system again reaches equi-
librium. If the new species does not immediately go ex-
tinct, it may either coexist with those species present
at its introduction, or may cause one or more extinc-
tions, potentially resulting in its own extinction. The
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population dynamics takes the form of differential equa-
tions for the population numbers (using, for instance,
Lotka-Volterra, Holling type II, or ratio-dependent func-
tional responses) and so the extinction threshold has to
be specified. Typically this is set to be such that if the
population of any particular species falls below 1, it is
deemed to be extinct.
Assembly models usually consist of species pools of
tens of species which are labelled as “plants”, “herbi-
vores”, “carnivores”, etc. The interactions between these
various trophic levels are typically assigned by some
rule with a large amount of randomness built in, but
body-size considerations may also be used to decide the
predator-prey relationships. Early work used numerical
integration of Lotka-Volterra equations, combined with
the criterion of local stability [8, 9, 10], although this
had some problems [11], and other methods of deciding
whether a particular community is stable have been used
[12, 13]. Species assembly models are capable of generat-
ing reasonably-sized food webs [6] through immigration,
although the species pool is made up of species which are
randomly assigned rather than having co-evolved, and as
such it is very artificial. Moreover, only very simple pop-
ulation dynamics have been investigated, underlining the
overall lack of realism of this approach.
Evolutionary models have been developed during the
last decade or so. Species and their interactions may be
specified by traits which define phenotypic or behavioural
characteristics [14, 15, 16, 17], or the strength of inter-
action between species may be described through matri-
ces [18, 19]. Additional mechanisms, such as adaptive
foraging, may be included and may add stability to the
system [18]. The evolutionary approach starts from a
small number of species and, through the modification
of existing species, is capable of generating large webs.
The choice of population dynamics seems to be impor-
tant [20], with the simplest types of population dynamics,
such as Lotka-Volterra, being unable to lead to communi-
ties with large stable webs. A disadvantage of evolution-
ary models is that it is not clear what community is being
constructed; it seems to be one in which immigration has
2played no part. A more consistent viewpoint would be to
use the community constructed through the evolutionary
approach as a species pool in the sense of the assembly
model, and then use these co-evolved species to create
food webs which would be more analogous to those for
which data is collected. This will be the point of view we
adopt here.
The idea of using a pool of species as a source of immi-
grants for colonisation goes back many years and was the
central feature of the theory of island biogeography de-
veloped in the 1960s [21, 22, 23, 24, 25]. There the pool
was called the “mainland” and the community of interest
the “island”, and this is the terminology we will adopt
here. That theory was an equilibrium theory; it assumed
that immigration and local extinctions were in balance,
although with continual overturn of species. Although
there have been calls for this theory to be updated and
extended [26, 27], there has been little work trying to
do so using recent developments in modelling tools and
techniques. A notable exception is the work of Hubbell
[28] which uses the mainland/island picture to formulate
a neutral theory of biogeography and biodiversity. One
way to view the work we describe here is as a generali-
sation of these ideas to predator-prey interactions, incor-
porating many other aspects and leading to food webs
with several trophic levels.
In the following section we reiterate the Webworld
mathematical model presented in [15], which was used
to generate the simulation results presented in this pa-
per. In previous papers [15, 29] this model has been used
to construct food webs through evolution of the species
present. We discuss the modifications used to study the
effect of food web construction through immigration. In
our main results section we examine typical measures of
food webs structure in terms of the resources available
to the system, and in terms of the number of species
present. We then focus on the species-area relation as a
composite measure of food web behaviour, and examine
our results in terms of power-law fitting. We conclude
with a discussion of the results we have obtained and
possible directions for future work.
II. MODEL
The Webworld model was introduced by [14] to link
ecological modelling of food web structure with evolu-
tionary dynamics of species creation. A refinement to
the population dynamics was introduced by [15], and it
is this model, described in detail below, which we adopt.
The long-term behaviour of the model, identified by [15],
is for a continual overturn of species to occur with rela-
tively well defined mean values of such quantities as the
number of species present.
The Webworld model constructs food webs from
species defined by a set, A, of ten different attributes
which represent phenotypic and behavioural characteris-
tics pertaining to survival. Initially an antisymmetric
matrix m is randomly generated to indicate the rela-
tive score of pairs of attributes; the relative score of two
species is defined by
Sij =
1
L
max

0, ∑
α∈Ai
∑
β∈Aj
mαβ

 , (1)
where L = 10 is chosen to give scores Sij ∼ 1. If Sij > 0
then species i is capable of feeding on species j. The
utility of this system of defining species is that incre-
mental evolution can occur by changing one attribute
of a member of a selected species to form a new species,
whose scores will be similar to those of the parent species.
Species are numbered such that 1 ≤ i ≤ S, where S is
the number of species present. Each species has popula-
tion Ni subject to the population dynamics. One special
species is created, denoted as species zero, whose popu-
lation is fixed at N0 = R. This species represents the
environment, the basic food source supplying the whole
food web. The value R is the effective population of
the environmental resources, which provides a persistent
food source for the food web as a whole. A value of
R = 106 was chosen to grow a source community with
approximately 100 species, and hence this value ofR is an
approximate upper bound for models utilising this source
community. The maximum value of R used for evolving
communities was prescribed by computational resources.
In the evolutionary model, the first species is created
with a random set of attributes such that its score against
the environment species is non-zero. Were this not the
case, the first species would go extinct, being unable to
feed. Subsequent species are introduced by taking one
extant species as the parent, and altering one attribute
to create a daughter species of population 1. No attribute
is allowed to repeat within a single species. The food web
is constructed by repetition of this speciation mechanism,
with extinctions determined by the population dynamics
described below. The decision to introduce new species
with population 1 is arbitrary except that this is the
smallest population which does not lead to immediate
extinction.
The population dynamics is described by a balance
equation for the numerical gains and losses of each
species. This is written as
N˙i = λ
∑
j
gijNi −
∑
j
gjiNj − dNi, (2)
where the three terms on the right-hand side correspond
respectively to gains from foraging, losses to predation,
and losses to natural death. The factor λ between losses
to a prey species and gains to its predator reflects the
ecological efficiency of the system, and we adopt a value
of λ = 0.1 consistent with empirical data [e.g. 30]. We as-
sign the scaling factor of natural death, d, to be unity for
all species, thus fixing the time-scale of the model. The
remaining term, gij , comprises the functional response.
We adopt a ratio-dependent functional response that re-
lates to a foraging strategy; fij is the fractional effort
3species i puts into potential prey j, where
∑
j fij = 1.
The functional response is given by
gij =
fijSijNj
bNj +
∑
k αikfkjSkjNk
; (3)
for very small predator populations this is approximately
gij =
fijSij
b
, (4)
so b can be seen to restrict the feeding rate with high prey
availability. A value of b = 0.005 has been adopted from
[15], where it was found to give suitably realistic food
webs. The sum in the denominator reflects the effect of
competition. Competition is maximal between members
of the same species, for which αii = 1 for all i. Competi-
tion with other species is weaker, indicating the greater
ability to extract resources from a prey species given by
a diversity of feeding techniques. The formula for α we
also adopt from [15] as
αik = c+ (1− c)qik, (5)
where qik is the fraction of attributes shared by i and k.
It can therefore be seen that α has a minimum value of c
for two dissimilar species; we adopt the value of c = 0.5,
which has been shown to produce reasonable food webs.
[15] show that there exists an evolutionarily stable
strategy for f given by
fij =
gij∑
k gik
, (6)
which we therefore take to yield the strategy for each
species at all times.
To maintain a limited size community, and in partic-
ular to give meaning to the system size parameter R,
species are removed from the community if their popu-
lation falls below unity. From (3) it can be seen that
all values of gij are unchanged if all populations Ni are
changed by the same factor. As such, if all N˙i are zero,
(2) shows that this will still be the case after scaling all
Ni. Hence all dynamics of the food web are unchanged
if both R and the extinction threshold are scaled by the
same factor, and the arbitrary choice of unity population
for extinction is of no consequence. In the absence of
a non-zero extinction threshold no extinctions ever oc-
cur, since populations will at worst exponentially decay
towards zero.
A. Comparative models
The source community, from which species are drawn
for immigration into island communities, was built using
the model described above, with R = 106. At the time
at which the evolution run was stopped, after 50 000 evo-
lutionary events, 103 species were present, and the food
web was in a steady state configuration where the number
Name Symbol Definition
number of species S
∑
i
1
population N
∑
i
Ni
abundance pi Ni/
∑
j
Nj
Shannon index H −
∑
i
pi ln pi
Simpson index D
∑
i
p2i
Fisher index α S = α ln (1 +N/α)
Shannon equitability E H/ lnS
trophic levels Λ maxi Λi
mean species level ΛS
∑
i
Λi/S
mean individual level ΛN
∑
i
piΛi
links per species l
∑
i
li/S
TABLE I: Summary of community measures used in this
paper. Each species i has population Ni, trophic level Λi, and
li links to other species, counting both predators and prey. A
discussion of diversity measures can be found in [32], who
denotes the Shannon index H ′. Definitions of H sometimes
use log
10
or log
2
, and hence will differ in their results by a
constant factor.
of species does not change systematically over long time
intervals. The exact number of species would change on
short timescales as evolution and extinction events bal-
ance only on average. This size of web was chosen to give
a reasonably large set of species for immigration without
taking excessive computational time to reach the steady
state.
To construct an island community, the model was ini-
tialised with the same matrixm and environment species
as the source community, but a value of R that was
in general different. Species were introduced from the
source community in a random order; the speciation
mechanism by which new species are introduced in the
mainland model is not used, so the number of species
that can co-exist on any island is limited by the number
of species in the source community. The parameter R
was used as the independent variable to investigate the
effect of resource availability on the nature of the food
web constructed.
For comparison with the effects of R on the nature
of the food web constructed through immigration, main-
lands were created for a range of values of R by the same
process as the source community, using the same matrix
m and environment species. Different mainlands were
isolated in the sense that the species subject to pop-
ulation dynamics were unrelated between mainland in-
stances.
A second line of comparison comes from taking the
source community and performing population dynamics
4while gradually reducing R from its initial value. There is
no stochasticity in the result since the population dynam-
ics are deterministic and we are not introducing species,
so a single sequence of webs is produced. We call this
sequence the reduction sequence, and for any value of
R refer to the food web in the reduction sequence cor-
responding to resources R as the reduced food web of
R.
III. RESULTS
The results presented in this paper will cover only some
of the aspects of food web examination, and in particular
will concentrate on the variation with system size of mea-
surements summarising food web characteristics. Equiv-
alent figures are shown for measurements taken from
each of the mainland, island and reduction versions of
the model. Table I summarises the community measures
used, where Ni is the population of the ith species, Λi is
its trophic level, and li is its total number of prey and
predators.
A. Island food webs
In order to obtain meaningful averages over discretised
quantities such as the number of trophic levels in a food
web, the results plotted in figure 1 are the mean of mea-
surements taken from 100 simulation runs. Continuously
varying quantities, such as the total population of all
species, were found to rapidly converge on this mean as
the number of runs increased, implying a statistical sim-
ilarity of the food webs generated. Results are shown for
the range of resources 100 ≤ R ≤ 106; the lower bound
was chosen because typically only one or two species were
found in the resultant food web, with very small total
populations. The behaviour of food webs under forma-
tion as they approach the limit in which only one species
is supported, and that near extinction, is of little interest;
in any case a model using non-stochastic population dy-
namics is inappropriate in this regime. The upper limit of
the resource range is determined by the number of species
in the source community; as resources in the immigrant
community increase, the number of species present ap-
proaches that of the source, and the other measured char-
acteristics saturate also. Saturation also occurs in time,
measured by the number of immigration events that have
occurred, and the samples examined were taken after 500
immigration events. For the largest values of resources
there was some systematic change at later times as the
last few species were assimilated into the food web.
In figure 1a) we plot the simplest measure of success
in assembling a food web from immigrant species, which
is the number of those species simultaneously present at
the moment of measurement. As R increases, almost all
species are able to invade the island, which suggests that
the process of assembling a community in this way is
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FIG. 1: Food web measures taken from immigrant communi-
ties grown with various values of R. The three vertical bands
correspond to ranges of R where the number of trophic levels
changes, influencing other measures. a) Number of species
present, S; b) solid line – number of trophic levels, Λ; dashed
lines – top, species average level, ΛS, bottom, individual av-
erage level, ΛN ; dotted line – ΛN against right hand axis;
c) Total population of all species, N , divided by R; d) solid
line – fraction of basal species; dashed line – fraction of un-
predated species; e) number of feeding links (in plus out) per
species, l; f) solid line – Shannon index, H ; dashed line –
Fisher’s α index; g) solid line – Simpson’s D index; dashed
line – equitability, E.
quite efficient. A second simple feature to calculate from
a known food web is the number of trophic levels, plotted
in figure 1b). Here we use strictly defined trophic levels
equivalent to counting the number of feeding links in the
shortest route from each species to the environment on
which all basal species feed. Thus all species feeding on
the environment – basal species – are in trophic level 1,
species which feed on basal species but not directly on
the environment are in trophic level 2, and so forth. The
number of trophic levels in any particular web is a mea-
surement of the highest single species, and thus is an in-
teger. The solid line in figure 1b) shows the mean value
of this quantity over simulation runs, and hence is not
necessarily integer. It can immediately be seen that the
formation of food webs with multiple trophic levels does
occur when species are supplied by immigration from a
previously evolved food web. We note that the increase
in the number of trophic levels with R is not smooth, and
that for certain ranges of resources, essentially all webs
have the same number of trophic levels. For example, in
5the range 200 < R < 2000 the mean number of trophic
levels is almost exactly 2, and a similar plateau occurs at
a mean trophic level of 3. The transition from a single
trophic level to two is particularly sharp, with the onset
of higher trophic levels being spread over a larger range of
resources. Vertical bands in figure 1 mark the periods of
transition between trophic levels, and the first transition
can be seen to correspond to a rapid increase in the num-
ber of species present. Examination of individual food
webs suggests that this occurs when ‘herbivores’, which
feed on the basal ‘plants’, enter the system. A herbivo-
rous species reduces the success of the plants on which it
feeds, which in turn allows other plants to compete for
resources effectively. The Webworld model thus displays
predator-mediated coexistence. For slightly larger R fig-
ure 1a) shows a plateau in the number of species present
before an approximately power law increase in S(R) sets
in.
Figure 1b) also plots, as dashed lines, the average
trophic level. The upper dashed line indicates the mean
trophic level of a species in the food web, which increases
more smoothly than the number of trophic levels. A new
trophic level is founded by a single species; as the popula-
tion of the species on which it feeds increase, it becomes
possible to support a greater number of species on the top
level, and hence the mean trophic level increases while the
number of distinct levels is constant. The lower dashed
line indicates the mean trophic level of individuals in the
food web, and is lower than the mean by species since
the population of species tends to decrease with increas-
ing trophic level. To examine this curve more closely it
has been re-plotted as the dotted line against the right-
hand axis. Here it can be seen that there is a maximum
in this quantity immediately after the onset of the second
trophic level. Thereafter the population of basal species
increases more rapidly than for other trophic levels, and
ΛN decreases asymptotically. This is related to the re-
sult plotted in figure 1c), which shows that after the on-
set of the second trophic level, the number of individuals
summed over all species is nearly a constant fraction of
R. Considering the case of a single species feeding on the
environment, we can identify its population by setting
the time derivative in (2) to zero and substituting f = 1
in (3). For a given value of S, this can be used to deduce
the population of the species to be
Nbasal
R
= λ
{
1
d
−
b
S
}
, (7)
and hence cannot exceed 0.1 for our value of λ. The larger
value of N/R seen at the left of figure 1c) corresponds to
the presence of multiple basal species, where the reduced
inter-specific competition allows a larger total popula-
tion. The steady value of N/R for multiple-trophic level
webs seems to be an effect of food web regulation.
Figure 1d) shows the fraction of species that are basal
(solid line), and the fraction that are unpredated (dashed
line). The fraction of basal species falls steadily as re-
sources increase and more species are able to find niches
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FIG. 2: Food web measures taken from immigrant commu-
nities. The same data plotted in figure 1 are here plotted
against number of species, S. Figure 1a) plots S as the de-
pendent variable, and is therefore omitted, leaving; a) solid
line – number of trophic levels, Λ; dashed lines – top, species
average level, ΛS , bottom, individual average level, ΛN ; dot-
ted line – ΛN against right hand axis; b) Total population of
all species, N , divided by R; c) solid line – fraction of basal
species; dashed line – fraction of unpredated species; d) num-
ber of feeding links (in plus out) per species, l; e) solid line –
Shannon index, H ; dashed line – Fisher’s α index; f) solid
line – Simpson’s D index; dashed line – equitability, E.
at higher trophic levels. The fraction of top species, i.e.
those that are unpredated, has a remarkably different be-
haviour, dropping to an almost constant level as soon as
trophic structure exists. As new species find a niche in
the food web they have small population and are likely
to be unpredated, but at the same time typically find
that niche by feeding on a species that was previously
unpredated. As R increases, all species present typically
increase in population, and at some point a top species
becomes an exploitable prey. The fluctuations in the frac-
tion of top species, T , suggest this quantity emerges from
food web regulation, and we do not expect a simple ex-
planation for structure in T as a function of R.
Figure 1e) indicates that the complexity of the food
web increases with increasing resources in terms of the
number of feeding links associated with each species. To
better interpret the structure in such plots we present, in
figure 2, the same plots as in figure 1 but plotted against
S. Features in the previously discussed quantities seem
better understood in terms of resource availability, but
figure 2d) suggests that the food webs produced by this
model have a typical connectance increasing almost pro-
portionally to logS. The connectance of these food webs
decreases with S, but on average species become more
6connected.
The remaining plots, figure 1f) and g), correspond-
ing to figure 2e) and f) respectively, show measures of
diversity in the food web. Diversity indices each sum-
marise the species abundance distribution (SAD) of an
ecosystem as a single number, and [31] note that different
indices will not provide consistent ranking among ecosys-
tems because they each measure a different aspect of di-
versity. Where one food web is unambiguously more di-
verse than another we expect to see similar trends in each
of the diversity indices, but differences between them are
also expected, reflecting the changing SAD. The first di-
versity index we show is the commonly used Shannon
index of the system, with values here based on the natu-
ral logarithm. Typical values of this quantity for natural
ecosystems are suggested to be in the range 1.5 − 3.5
[32], while the range measured from our simulations is
1.5 < H < 2.5, indicating a lower diversity and/or equi-
tability. For comparison we calculate H from the data
set for tree abundances on Barro Colorado Island (BCI),
Panama in 2005 [33]. For the full set of 299 tree species
with non-zero population, the Shannon index has a value
of nearly 4. To match H as determined from our simu-
lation results, the abundance distribution must be trun-
cated after 35 species. An important difference between
the BCI data and our simulation results is that the former
comprises a single trophic level. The food supply avail-
able to a ‘herbivore’ in our model is approximately the
total population of all species, which figure 1c) shows to
be approximately 0.08R. We expect the herbivore popu-
lation to be reduced by a corresponding factor. To model
this, we sort the BCI data by abundance, and except for
the first x species reduce the abundance of each species
by a factor of 0.08. For x ≃ 10 we obtain H ≃ 2.5. This
is similar to our simulation results with a similar number
of basal species. The sudden increase in H , and drop in
the Simpson index D, during the formation of the sec-
ond trophic level correspond to the increasing number
of basal species which partition the total basal popula-
tion. Further species additions tend to occur at higher
trophic levels, and hence have a much smaller popula-
tion, contributing diminishing amounts to the Shannon
index as the total number of species increases. The form
of the species abundance distribution (SAD), which is
summarised by the diversity indices, will be examined in
a future paper.
Fisher’s α diversity index [e.g. 32] is often favoured as
a diversity index which does not depend on sample size
[e.g. 34], being unaltered as increasingly rare species are
sampled from an underlying distribution. The fact that
α increases as a function of R therefore indicates that the
underlying distribution is changing; it is not an adequate
description to suppose that the species present are those
whose population in some static distribution lies above a
threshold which decreases with increasing R.
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FIG. 3: Food web measures taken from mainland communi-
ties grown with various values of R. The outer vertical bands
correspond to the first two bands of figure 1; the middle band
is described in the text. a–g) as figure 1. Marked points con-
nected by dotted lines correspond to averages over ten runs;
other data are averaged over 100 runs.
B. Mainland food webs
Whereas island communities reach a steady state after
only a few hundred immigration events, tens of thousands
of evolution events are required to reach the correspond-
ing steady state; here we use results from runs of length
50 000 evolutions. As such the computational demands
of mainland ecosystems are far greater than those of is-
lands, and we have not been able to calculate statistical
results for such a wide range of resources. A further fac-
tor increasing computational complexity is the fact that
as R becomes large there are more species on mainlands
than on islands, where S cannot exceed that of the source
community. Averages in figure 3 are over one hundred
runs for the solid lines, as with the island results, but
are averages over only ten runs for the dotted lines cor-
responding to larger R. It was noticed that the results
of averaging over even one hundred simulation runs were
particularly poor in the range of resources marked by the
central vertical band in figure 3, which manifests itself as
a large variation in most quantities plotted within this
range. This effect can be seen most clearly in figure 3g),
the Simpson index D, which appears to be in transition
between two values marked by dotted lines. The main
cause of these fluctuations is related to the number of
webs possessing different number of species, with S for
7an individual mainland web in the range 1 ≤ S
∼
< 10 for
R = 700.
The most obvious difference between the results for
a food web grown through evolution when compared to
the island food webs is that there are no longer distinct
boundaries corresponding to the onset of trophic levels.
When plotted against S in figure 4a) there appears to
be a relatively sharp onset of the third trophic level, but
these data are averages over only ten realisations, and
may be unreliable. Compared with island food webs, the
onset of trophic levels is at larger R and, as shown in fig-
ure 4a), also larger S. The left and right vertical bands
in figure 3 mark the onset of the second and third trophic
levels respectively in island food webs, and mainland food
webs do not begin to attain those levels until the right-
hand edge of the corresponding band. We hypothesise
that for small R, where island communities support more
species than mainlands, the effect of species adapting to
their predators and prey makes it more difficult to attain
high trophic levels. Prey species in island communities
cannot adapt to evade predators in our model, so preda-
tors can succeed more easily.
As remarked, for R
∼
< 3000 an island community sup-
ports more species than a mainland; the dashed line in
figure 3a) repeats the curve for islands shown in fig-
ure 1a). As species evolve to become better at feeding
on their prey and avoiding their predators, they tend to
reduce the population of those species until they in turn
evolve. As such, for small R it is easier for one species to
eliminate another from the food web, and the steady state
number of species is smaller. As R increases, the avail-
ability of new species to an island diminishes, whereas
for a mainland the amount of novelty possible increases
with S leading to a potentially unbounded value of S as
R → ∞. Certainly the total number of species possible
in the Webworld model is far larger at ∼ 1020 (for the
particular parameter values we have adopted here) than
the number simultaneously present in any web created,
and the dotted line in figure 3a) appears to continue the
trend of an approximately power law increase in S with
R, S ∝ R0.63.
A striking difference between island and mainland food
webs appears in the fraction of top species, shown in fig-
ure 3d) as the dashed line. For island food webs the
fraction of top species is small and nearly constant for
food webs of multiple trophic levels, whereas for main-
land communities it decreases gradually toward zero from
a higher starting point. This probably reflects the poten-
tial for new species to enter the food web specialising in
previously unpredated species, while in the island com-
munity species are constrained by their existing abilities.
The fraction of basal species, shown as the solid line in
the same plot, is somewhat higher in the mainland com-
munity, but with a similar trend to decrease with R. Ex-
amination of figure 4c) shows that for S
∼
< 6 island and
mainland communities behave similarly, but for larger S
the fraction of basal species in island communities starts
dropping more rapidly. This is not obviously associated
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FIG. 4: Comparison of selected quantities between island and
mainland food webs, as a function of S. Solid lines indicate
mainland data and dotted lines island data repeated from
figure 2. a) number of trophic levels, Λ; b) Total population
of all species, N , divided by R; c) fraction of basal species;
d) number of feeding links per species, l; e) Shannon index,
H ; f) Simpson’s D index.
with the number of trophic levels, which is not seen to
increase significantly in figure 4a) for island food webs
at S ≃ 6. Conversely it is at about S = 6 that the to-
tal population of island and mainland communities as a
fraction of resources, shown in figure 4c), converge. For
smaller S island communities have a higher total popula-
tion, and both settle to a similar value for larger S, with
islands having slightly lower abundance.
In comparing the number of links per species between
island and mainland food webs, it is found that the dif-
ferences shown in figure 4d) are neither large nor system-
atic. As such it seems that the number of feeding links
a species possesses is primarily dictated by the number
of species in the ecosystem as a whole, with relatively
minor contributions from probable influences such as the
trophic structure and direct consequences of assembly.
Diversity indices H and D, shown in figures 4e) and
4f) respectively, also show a behaviour that is largely
similar for island and mainland communities. There is
an initial increase in diversity which is nearly linear in
terms of H versus log S, turning down for S
∼
> 20. This
later decrease in the derivative is probably related to the
fact that species are increasingly added at higher trophic
levels where the population is automatically smaller; H
is maximised by a uniform distribution. The strongest
difference between the diversity of island and mainland
communities occurs at S ≃ 6, where there is an anoma-
lous excess in H for islands. The maximum difference
8coincides with the sharply emerging difference in the frac-
tion of basal species shown in figure 4c), and is presum-
ably related. For H to be higher in island communi-
ties when most species are basal indicates that there is a
more even distribution of population between those basal
species. The rapid increase in the fraction of species on
the second trophic level diminishes H by the previously
noted effect of population decreasing with level, restoring
equality between island and mainland food webs.
C. Reduction food web
The number of species in the single reduction process
from the island source community necessarily starts at
103 for R = 106, corresponding to the source community
itself. For this value of resources the island community
does not generally reach the full compliment of species,
and the mean value is considerably lower. As shown in
figure 5a), as resources decrease species drop out of the
reducing food web gradually rather than triggering catas-
trophic losses, and the number of species in the reducing
food web is larger than the number in the immigrant
community for all R despite the limitation that species
cannot be reintroduced. The limitation that we have
only one possible history to examine means that there is
an integer number of trophic levels for all R in the re-
duction model (non-integer values plotted in figure 5b)
lie between sample points), so plateaux are an inevitabil-
ity. These plateaux roughly correspond to the ranges for
which plateaux are seen in the corresponding results for
island food webs, shown in figure 1b). Figure 6a) shows
that the island communities tend to have more trophic
levels for the number of species than the reduction model,
although as mentioned they have fewer species for a given
R.
In general the trends seen in the reduction model are
very similar to those seen in the island food webs. The
fraction of basal species in the island and reduction webs
approach each other for large S; for small S this frac-
tion tends to unity more rapidly as R decreases for the
reduction model, possibly reflecting a tendency to prefer-
entially remove non-basal species. The difference seems
to relate to the trophic structure shown in figure 6a),
and might be removed if reintroduction of species were
allowed in the reduction model. Measurements ofN and l
shown in figures 6b) and 6d) respectively are less smooth
for the reduction model due to the absence of averag-
ing, but are otherwise consistent. The small increase in
the Shannon index of the reduction model over islands,
shown in figure 6e), is probably related to a preference
for removing species of higher trophic level, thus making
the average species more like a basal species in popula-
tion and increasing uniformity. This increase in diversity
is also shown in the Simpson index in figure 6f).
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FIG. 5: Food web measures taken as the source community
was run with reducing R. Vertical bands correspond to those
of figure 1. a–g) as figure 1.
IV. SPECIES-AREA RELATION
One of the most studied features related to the effect
of size on food web structure is the species-area rela-
tion (SAR), because this is relatively easy to sample for
real systems. We model the SAR by equating area to
resources, R, with which we supply basal species, and
examine the equilibrium number of species for food webs
grown with different values of R. Several distinct types of
SAR can be formed depending on the sampling method;
that applicable to our data was labelled as the Type
IV species-area curve by [35], corresponding to sampling
of physically distinct regions (islands or other isolated
units) of differing area. [36] prefer to reserve the term
“species-area curve” for just this case, but see [37] and
[38] for further discussion. Although a monotonic in-
crease in S with area is intuitive for any SAR, it is not a
necessary consequence of the Type IV sampling method;
large islands may in principle have fewer species than
smaller islands.
Some of the effects found in real ecosystems which in-
fluence the shape of the SAR are not applicable to the
data we collect on Webworld. In particular, [34] dis-
cusses three reasons to expect more species in a larger
sample area. Firstly, a larger sample area may imply
a larger number of collected individuals, giving a more
complete sample. For Webworld we have complete pop-
ulation information at any time in the simulation, and
in particular can distinguish with accuracy whether a
9species is present or absent. The second effect relates to
diversity of habitats; a larger area in a physical system
is likely to contain heterogeneous regions to which dif-
ferent species are better adapted. The Webworld model
has only a single habitat type independent of the ‘area’
we attribute to that system, and additional niches only
arise through the existence of exploitable populations of
other species. The third factor discussed in complicating
SARs measured from real data is the existence of bio-
geographical provinces; a very large system may contain
areas which could be occupied by the same set of species
except for historical exclusion. Examples abound of ap-
parently identical niches being filled by different species
in isolated regions. Since the Webworld model we use
is only implicitly spatial, no such geographical barriers
exist to maintain diversity, and this explanation for an
increase in species count with area can also be excluded.
[34] contests the findings of [39] that the number of
species increases with area for a homogeneous environ-
ment, indicating that Fisher’s diversity index, α, does
not systematically depend on area for their samples. As
shown in figures 1f), 3f) and 5f), our results show a sig-
nificant trend in α with area. We conclude that in our
results the increase in species number with area is not
merely due to changes in the cut-off population of other-
wise similar distributions. For the smallest food webs this
is particularly obvious in the food web structure, since
the coexistence of basal species (‘plants’) is strongly pro-
moted by the presence of a single ‘herbivorous’ species.
The method of immigration we have used in the con-
text of the Webworld model is similar to the premise of
the theory of island biogeography by [21]. However, the
population dynamics in Webworld is deterministic, so be-
tween the introduction of species the population of each
species settles to a steady value, and hence the rate of
extinction becomes zero. As such, extinctions are related
to the displacement of species by new arrivals rather than
through fluctuations per se. It is still the case that those
species driven extinct are those unable to adopt a feed-
ing strategy that will support an equilibrium population
above our extinction threshold.
In figure 7 we show log-log plots of the SAR of islands,
mainlands and the reduction sequence in 7a), b) and c)
respectively; in 7d) we plot for comparison against a lin-
ear y-axis (Gleason plot). In this case it can be seen that
only for the reduction sequence is a linear regression a
reasonable approximation across any of the range. For
at least the island and mainland models, a power law
fit to the data is acceptable for all R greater than some
threshold, indicated by arrows in figure 7. The behaviour
of S with area for small R is discussed in the results sec-
tion.
Power law indices for the immigration and reduction
models are similar, whereas the evolution model has a
rather steeper power law. [34] attributes the degree of
fitting of observed SARs to the form S = k1+k2 logA for
constants k1, k2 and area A to sampling effects in small
food webs; [40] note that the SAR including large islands
2
3
4
Tr
op
hi
c
le
ve
l
0.06
0.08
0.10
Po
pu
la
tio
n 
/ R
0.0
0.5
fra
ct
io
n 
of
ba
sa
l s
pe
cie
s
1
2
3
4
lin
ks
 p
er
sp
ec
ie
s
0
1
2
Sh
an
no
n
in
de
x
100 101 102
0.0
0.5
Si
m
ps
on
 in
de
x
number of species
a)
b)
c)
d)
e)
f)
FIG. 6: Comparison of selected quantities between island
food webs and the reduction sequence, as a function of S.
Solid lines indicate reduction data and dotted lines island data
repeated from figure 2. a–f) as figure 4.
is only well fitted by a power law, despite their conclusion
that a logarithmic increase is a better description overall.
The shape of the SAR identified by [41] is tri-phasic; z
is larger for both small and large areas than for the range
of area between. Although we see anomalous behaviour
for small areas in the Webworld results, we cannot asso-
ciate a power law with these results since we do not see
a straight line in the log-log plot. [42] collect examples
of typical power law indices in their Table 1, which have
the approximate range 0.15 ≤ z ≤ 0.5, consistent with
our results for the island and reduction models, which
have z = 0.39 and z = 0.36 respectively. The power
law index we find for the mainland model exceeds this
range somewhat, at z = 0.63. [28] describes the part
of the tri-phasic curve corresponding to the largest areas
as the ‘continental’ scale, where diversity is attributable
to evolutionary processes. Values for z as high as unity
are possible for intercontinental scales; z = 1 would be
found if two sample areas of equal size and no overlap in
species were considered. [34] cites examples of data from
which species-area curves with z = 1 can be extracted,
corresponding to large length scales.
A different context within which a high power law in-
dex z is found for the species-area relation was identified
by [43], who study the changing SAR during stages of
succession on Mount St. Helens following volcanic steril-
isation. [43] found that the power law index of the SAR
decreased with time as species became re-established,
and in their figure 2 present the SAR of Abraham Plains
for 1988 in which z = 0.69. We hypothesise that the
large value of z we find for mainland data may be due to
10
internal disruption caused to the food web structure by
the overturn of species, noting that in small food webs
one effect of this overturn is to remove specialised preda-
tors whose prey becomes replaced. A system in which
evolution and immigration were both allowed to play a
part would be expected to display a power law index in-
termediate between those found for our immigration and
evolution models, and be consistent with the concept of
lessened disruption.
V. DISCUSSION AND CONCLUSIONS
In this paper we make use of the Webworld model in-
troduced by [14] and [15] to examine food web assembly
through immigration. Previous work on this topic, in
particular assembly models [6], have drawn immigrant
species from a randomly assigned species pool, and as
such their results may not reflect the properties of a nat-
ural ecosystem. Instead we create the species pool itself
by evolution, and draw species from this stable commu-
nity to construct ‘island’ food webs, where in this discus-
sion we use the term ‘island’ to relate to ecosystems con-
structed solely by immigration. Food webs constructed
solely through evolution in situ we designate ‘mainland’.
In order to compare our results with measurements of
real ecosystems we equate the resources supplying the
Webworld model to physical area, noting that not being
explicitly spatial, Webworld can only represent systems
without geographical barriers.
It is of interest to study food webs assembled through
immigration not only because these correspond to most
of the real world ecosystems for which data is available,
and especially to any experimental set-up which could
be created, but also because from a modelling point of
view the assembly of food webs through immigration is
much more repeatable than the evolutionary scenario, in
which the identity of the species is necessarily a chance
occurrence. For each food web grown through evolution
we can in shorter time examine the statistical properties
of the family of island communities which can be grown
from it.
One of the clearest differences between island and
mainland food webs is the power law index of the species-
area relation. For our islands we find this to be, at
z = 0.39, within the range found for natural ecosystems,
typically 0.2 ≤ z ≤ 0.4. For our mainland results we find
the steeper power law of 0.63, and note that a steeper
power law in nature is associated with the very largest
length scales, where evolution is more important than im-
migration due to the presence of substantial geographical
barriers. It is difficult to obtain a species-area relation
for real ecosystems in which only evolution played a role
because these would need to correspond to regions suffi-
ciently small to promote complete mixing and sufficiently
remote to avoid immigration from a continent, yet nu-
merous enough to provide good statistics for essentially
similar environments. We note that a high power law
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may also be associated with a strongly perturbed sys-
tem, e.g. [43], and that the continual turnover of species
through evolution may provide such a disturbance.
A second significant difference between island and
mainland food webs is found in the fraction of basal and
of top species. For island food webs the fraction of top
(unpredated) species does not change systematically over
a large range of system size, or equivalently as a function
of the number of species. For mainlands with a large
number of species (S > 10) there are far fewer top species
than on islands. Conversely islands have a smaller frac-
tion of basal species than mainlands in our results. Con-
sidering the progression of food webs from small area to
large, we observe that islands show distinct plateaux in
the number of trophic levels, with all islands having the
same number of levels for large ranges of area. Mainland
food webs may show a weaker tendency toward this phe-
nomenon, but we cannot exclude a smooth increase in
the mean number of levels with area across realisations.
Despite these important differences, much of the be-
haviour of the model is essentially similar whether im-
migration or evolution supplies the species. In particular
the number of trophic levels is close for islands and main-
lands of similar area, and the number of feeding links per
species is also very similar, implying statistical similari-
ties between the food webs constructed. Such similarities
are reflected in the Shannon index of the system, which
increases nearly linearly in S for small food webs, with a
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decrease in the gradient for S > 10. The Shannon index
is associated with the distribution of population sizes,
which we will examine in a future paper.
Several avenues of future work are suggested by the
results we have found. We have performed preliminary
work in which immigration takes place along a chain of
islands, with immigration to one island only being pos-
sible from its predecessor in the chain. Our results to
date suggest that this induces changes in the nature of
the food webs several links down the chain, with a ‘filter-
ing’ effect precluding the transmission of species which
can be easily displaced. Similar scenarios reminiscent
of real archipelagos may provide interesting comparison
with real systems.
Another change to bring our model more into line with
real systems would be to interpolate between the pure
evolution and pure immigration models by allowing both
to take place concurrently to different degrees. Of par-
ticular relevance is the case in which a small degree of
evolution is allowed, to determine whether this has a sig-
nificant effect on the island properties we have identified
in this paper.
All of the islands for which results are presented in
this paper were grown from a single source community.
Beside confirming that the results are not significantly
altered depending on the course community used, we are
in principle able to examine the behaviour of an island
where immigration occurs from two or more indepen-
dent mainlands. A related complexification of the model
which may relate to real ecosystems is to introduce mul-
tiple environment species to simulate the presence of dif-
ferent habitats. This work may require a spatially ex-
plicit model for which computational resources are not
yet available.
Finally we note that one of the most important food
web characteristics which we have not examined is the
species abundance distribution (SAD). This is related to
the various diversity measures in that they provide differ-
ent scalar measures of this distribution. The species-area
relation is also related to the dependence of the SAD on
area. The examination of the SAD requires substantial
detail, and our results for this will be presented in a fu-
ture paper.
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